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SUMMARY 


Measurement techniques, with good spatial resolution, have 
been used to investig.ite the structures of turbulent kerosene 
fuel sprays under colJ conditions and under conditions of vaporisa- 
tion in hot surrounding air-streams. A novel laser tomographic 
light scattering technique has been used for the detailed mapping 
of internal spray structure. This technique is demonstrated to 
provide rapid and accurate, high resolution measurements of drop- 
let sizes, concentrations and vaporisation. Measurements using 
a computer interfaced therraccouple are presented and it is found 
that the potential exists for separating gas and liquid temperature 
measurements and diagnosing local spray density by in situ 
analysis of the response characteristics of the thermocouple. 

The thermocouple technique is shown to provide a convenient 
means for measuring mean gas velocity in both hot and cold two- 
phase flows. 

The experimental spray is axisymmetric and has carefully 
controlled initial and boundary conditions. The flow is designed 
to give relatively insignificant transfer of momentum and mass 
from spray to air flow. The data obtained in this test spray 
give fundamental insight into the various processes occurring 
in turbulent spray vaporisation and provide a data base for 
modelling work. In particular the effects of (i) size-dependent 
droplet dispersion by the turbulence, (ii) the initial spatial 
segregation of droplet sizes during atomisation and (iii) the 
interaction between droplets and coherent large eddies are diag- 
nosed. 
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1. INTRODUCTION 


Past investigations which concerned the vaporisation or 
burning of liquid fuel sprays can generally be divided into either 
fundamental investigations, involving single or simple one- 
dimensional arrays of monosize droplets, or investigations of 
complex 'practical' combustion systems. It is considered that 
the former case has been proved to be oversimplified; for 
example, the 'cloud' effects of many droplets have been shown 
to be of extreme importance in determining the environment and 
thus the vaporicsation , ballistics and burning of droplets. On 
the other hand investigations of the latter case, whilst revea- 
ling important information on overall spray structures! / 2, 3 
have not significantly improved our modelling approaches to fuel 
sprays because the flows studied did not, for example, permit a 
straightforward specification of Initial and boundary conditions. 
It is thus considered to be of both practical and fundamental 
interest to make very detailed investigations of the structures 
of sprays which are neither oversimplified nor so complex that 
data interpretation becomes impossible. 

In this way one might hope to provide data to enable the 
improvement of modelling approches to spray structure under con- 
ditions of practical interest but without the complexities intro- 
d- ced by ill-defined initial conditions, non-axisymmetry, recir- 
culation etc. Both experimental! and analytical4 results show 
that in most practical situations spray burning, rather than being 
controlled by 'single droplet burning' is a 'droplet cloud' 
process, in which the majority of droplets vaporise in groups 
and reaction occurs at the vapour/air interface surrounding the 
clouds; similar to a gas diffusion flame. Thus modelling of 
spray burning requires modelling of droplet vaporisation and 
droplet-turbulence interaction under conditions of heat, momentum 
and mass transfer, between the droplets and the surrounding gas, 
which do not generally involve regions of reaction close to the 
droplet surface. Furthermore the 'cloud vaporisation' process, 
which occurs generally for most of the liquid fuel injected into 
the spray, ensures that the environment (and thus the vaporisation 
and ballistics) of each individual droplet is controlled by the 
vaporisation and ballistics of many surrounding droplets. 

Vaporisation of liquid sprays is also an important process 
in its own right, even when the spray is not burning. In parti- 
cular the premixed-prevaporised gas turbine combustor process 
requires fuel sprays to be completely vaporised and mixed with 
air before reaction occurs in the combustion chamber. In order 
that prediction methods can be used to design such systems, 
basic fundamental data is required on droplet vaporisation and 
ballistics in heated gas streams. 

In the basic experiment described below a twin fluid atomiser 
kerosene spray injected into a coflowing secondary stream which 
can be preheated, is investigated. The spray is designed to be 
axisymmetric and the secondary flow is uniform and with low 
turbulence intensity. The throughputs of atomising air and fuel, 
and the atomiser geometry, were selected to simplify the spray 
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sufficiently so that certain of the processes which can occur 
in spray- turbulence interaction were minimised. For example, 
although the phenomena of droplet/gas velocity lag occurred 
near the atomiser, so that droplets accelerate to the gas velo- 
city in the initial part of the spray, the total momentum of 
the liquid phase, at any station is always very much less than 
the momentum of the gas phase, i.e. in the jet produced by the 
atomising air. In the same way the total fuel vapour mass flow 
rate, at any axial station, is always very much less than the 
local air mass flow rate contained in the jet. These conditions 
result in the simplifying approximation that the gas flow field, 
in the spray studied, is the same as that in the jet produced 
by the atomising air alone. Furthermore fine sprays are utilised 
so that the further simplifying assiunption can be made that 
most of the droplets, eventually, closely follow the local turbu- 
lent gas flow field at some distance downstream. 

These experiments are the initial ^ stage of an investigation 
which has the objectives; 

(i) to provide fundamental insight and data on droplet 
vaporisation-turbulence interaction ; 

(ii) to provide a data base for model development and 
evaluation; 

(iii) to develop and utilise new diagnostic techniques for the 
investigation of internal spray structure. 

An important feature, stressed in this report, is the demonstra- 
tion of a new 'laser-tomographic' light scattering technique for 
investigating spray structure. This technique is shown to pro- 
vide a means for the rapid and accurate mapping of droplet size 
distributions and volume concentrations in sprays. The technique 
provides a means of measuring vaporisation rates rapidly, without 
probe intrusion, and without the data analysis problems associated 
with imaging techniques such as holography and photography. 


2. APPARATUS 

Figure 1 shows the apparatus for the central injection of 
the kerosene spray into a coflowing secondary air stream. The 
secondary air could be preheated by banks of electrical heaters. 
Smoothing screens gave turbulence levels of approximately 1% in 
the secondary flow, which had a uniform velocity across 90% of 
the secondary nozzle diameter. 

Figure 2 shows the design of the twin fluid atomiser which 
was constructed from hypodermic tubing. The atomising air and 
kerosene flow rates were measured by calibrated rotameters. 

Table 1 shows the various parameters for the test spray. 

The complete nozzle assembly, shown in Figure 1, could be 
traversed both vertically and radially. The spray and gas stream 
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wore eolleeted by an extraction system 0,3 m below the atomiser. 
Tests showed that the extract system had no effect on the flow 
in the first 0,14 m length of spray. The various probes, des- 
cribed below, were fixed in position and the spray was moved to 
provide a complete ',.\apping of the flow. 


3. MEASUREMENT TECHNIQUES 
Laser Tomography 

Particle size distributions were determined using a Malvern 
Instruments ST1800 Particle Size Meter. A parallel Ile/Ne laser 
beam is passed through the spray and the forward scattered light 
is collected by a Fourier transform lens. The radial light power 
distribution is measured using a photodetector consisting of 
30 concentric annulli placed in the focal plane of the lens, 
and the particle size distribution is calculated from this using 
Fraunhofer diffraction theory. 3, 6 Total particle concentration 
was determined by measuring the total forward scattered light 
power ~ this is not an absolute measurement as all the optical 
constants are not known and must be calibrated. 

This instrument rapidly gives an ’overall' size distribu- 
tion for a complete width of the spray. The line-integral nature 
of the particle size distribution does not give any information 
on the drop size distribution across the spray. However, if a 
nunober of line integral measurements are made through different 
parts of the spray, the scattered light data can be transformed 
into two-dimensional distribtitions of drop size distribution and 
concentration in a plane through the spray, Tnis data transforma- 
tion is termed 'tomography* and has been applied to several 
systems in recent years, particularly for medical X-ray brain 
and body scanners. For the case of an axisynunetric system such 
as the spray being studied the transformation is greatlj^ simpli- 
fied, only one set of parallel scans through the spray being 
required (this is analagous to the Abel transformation used in 
flame spectroscopy studies). Pull details of the procedure are 
given in a recent paper. 7 

The apparatus was set up as shown in Figure 3, the 2 nmi 
diameter laser beam being sliono through the spray and the forward 
scattered light collected by the Fourier Transform lens and 
the signal from the detector transmitted to a PDP8A minicomputer. 
The beam is held in a fixed posi^-ion and the spray moved relative 
to the beam. 

The transformation procedure was verified using a Spraying 
Systems type II atomiser which produces an axisymmetric full cone 
spray, A 9 mm diameter laser beam was used and spark photographs 
were also taken at intervals of 9 mm across the spray along the 
camera axis. Sufficient photographs were taken at each point to 
permit measurement of at least 2,000 in focus droplets. The 
photographs were analysed by a Cambridge Instruments Image 
Analysis Computer using a technique developed by Yule.° The 


volimiG median diameters, dvo,5» and relative spans, 

(dvo.8 ” dv0.2)/<3v0,5f Obtained using both techniques, are 
plotted against radial distance across the spray in Figure 4. 

The local spatially averaged volun\e concentrations of liquid 
droplets are plotted against radial distance in Figure 5, the 
values are normalized by the peak value where the measured 
volume concentration is 8.7 x 10“2% by volume. Excellent agree- 
ment was obtained for all parameters, thus confirming the vali- 
dity of the procedure. 

Thermocouples 

A computerised thermocouple technique, first described by 
Yule et al.,9 has been used. The tiiermocouples consisted of 
10 mm lengths of 25 pm diameter "chromel' and 'alumel' wires 
which were flame welded together and mounted between 0.5 nun 
diameter Chromel-Alumel support wires. The output is fed via 
a low noise battery dirven preamplified to an ADC and fed as 
12 bit words to a PDP-11 computer. For’ the purpose of thermo- 
couple response characteristics measurement,^ a square wave 
overheating voltage was applied to the thermocouple, with cha- 
racteristics governed by the PDP-11 program. The thermocouple 
e.m.f. decay after each overheating pulse is digitised and 
acquired by the computer. By ensemble averaging the decay curves, 
variations caused by temperature fluctuations in the flow are 
averaged out. The resulting decay curve permits determination 
of the insitu thermocouple response characteristics, usually 
in the form of the first order characteristics determined by a 
time constant x where 


T„ = T + xS(T-Tj/dt 
g m g m 


and Tg and are the instantaneous gas temperature and measured 
temperature respectively. In these experiments measurements of 
Tg and T are made in various flows. The determination of mean 
gas velocity from measurements of x is investigated. For the 
case of thermocouple measurements inside the sprays particular 
care should be taken because of the potential 'influences' of 
impacting droplets on the wire. These effects are considered in 
Section 5 where consideration is also given to the potential 
application of the liquid cooling effect to enable the derivation 
of local spray density by using the computerised thermocouple. 

Laser Anemometer 


Velocity measurements were carried out using an OEI laser 
anemometer system with a IW Lexel 85.1 Argon ion laser operating 
on the green line. An off-axis forward scattering arrangement 
was used with a fringe spacing and measurement volume dimensions 
3.2 micron and 1mm x O.litmi x 0.1mm. Signals were processed by a 
Cambridge Consultants tracker. Gas flow measurements were made 
by seeding the secondary flow with 1 p-m droplets by using an 
OEI particle generator. 
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4 . EXPERIMENTAL RESULTS 



Measurements have been made for four flow conditions j 

Case 

(i): 

'Cold' secondary air (293K), cold atomising air 
no kerosene. 

Case 

(ii): 

Cold secondary air, cold atomising air, with 
kerosene. 

Case 

(lii) : 

'Hot' secondary air (450K), cold atomisiny air, 
no kerosene. 

Case 

(iv) : 

Hot secondary air, cold atomising air, with 
kerosene. 


The sprays for both the cold and hot cases (cases (ii) and 
(iv) ) had the same initial conditions as ^specified in Table 1. 
The mass flow rate of the secondary air Was maintained the same 
for the hot and cold flow cases. 


Tomographic Light Scattering Measurements 


Figure 6 shows distributions of spatially averaged volume 
concentrations of liquid droplets measured by the light 
scattering technique in what will be referred to as the ’cold' 
and 'hot' sprays (cases (ii) and (iv) above). The figures show 
the rapid reduction in liquid phase volume concentration in the 
hot spray compared with the cold spray. The distributions are 
approximately Gaussian in shape for both the hot and cold cases. 
For the cold spray the peak concentration varies approximately 
as x”l and the concentration ’half-width’ increases/ initially, 
approximately linearly with x. The proportionalities are to be 
expected for a passive scalar distribution in a self-preserving 
gas jet. Although the droplet concentration cannot be considered 
as a passive scalar in the true sense, this is evidence that 
most of the droplets are small enough to follow the flow field 
of the air jet produced by the atomising air. With increasing 
distance downstream there is a decrease in the rate of spread 
of the concentration distribution. This is likely to be attribu- 
table to the confining effect of the secondary stream. Beyond 
X = 80 mm, for the hot spray case, the scatter in the concentra- 
tion measurements increases significantly, due to the relatively 
low scattered light power from the low droplet concentrations. 


future exuerimar.ts 


I 


be 


s'Vc' 


by increasing the laser power. Near the nozzle, particularly 
at X - 20 mm, there are very high droplet concentration gradients 
so that the spatial resolution defined by the 2 mm beam diameter 
will introduce some measurement error. Future developments of 
this technique for small scale sprays such as this will utilise 
beams with smaller diameters. 


The measurements of mass mean droplet diameters are pre- 
sented in Figure 7 for both the 'hot' and 'cold' sprays. These 
are tomographicaily transformed data dnd they thus represent 
'point' measurements of mean droplet size. It is seen that, for 
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both the hot and cold cases, there is a region of larger drop- 
lets at the outer region of the spray. Comparison with the volume 
concentration data (Fig. 6) shows that these outer regions of 
larger droplets contain only a small proportion of the total 
droplet volume. The droplet volume and concentration data are 
spatially averaged. In terms of liquid volume flux, the larger 
droplets also contribute little to the total flow rate, due to 
the lower velocities of the outer part of the spray. For the 
cold spray case there is little change in mean drop size with 
increasing distance downstream. However for the hot spray case 
there is a gradual increase in mean drop size which can be 
attributed to the preferential vaporisation of the smaller drop- 
lets. The data are discussed further, in the light of the other 
measurements, in Section 5 below. 

Figure 8 shows measurements of the relative span of the size 
distribution for the hot and cold sprays. The relative span is 
a measure of the width of the size distribution and it is here 
defined by the ratio (d^o.S ~ ^v0.2)/‘3vd.5 where the z fraction 
of the spray by volume consists of droplets having diameters 
smaller than dyg. The major trend in Figure 8 is the relative 
narrowing of size distributions in the hot spray with increasing 
distance downstream. This can again be attributed to the preferen- 
tial vaporisation of the smaller droplets. For the cold case 
vaporisation is expected to be small and photographs showed 
that atomisation had been completed by x = 20 rom.. Thus the 
changes noted in the relative span distributions in the cold 
spray must be attributable largely to the dispersion of droplets 
in the turbulent flow. In particular the initial radial segrega- 
tion of droplet sizes near the atomiser is dispersed. The dis- 
persion rates vary according to droplet size. 

Laser Anemometer Measurements 


Figure 9 shows the mean velocity distribution in case (i) , 
i.e. the cold jet flow without kerosene injection. As will be 
described, this is also representative of the gas flow field 
for case (ii) , with kerosene. There is seen to be a linear 
region of jet spread with a virtual origin 20 mm upstream of 
the atomiser outlet. It is seen that there is negligible inter- 
ference between the jet (and thus the spray) and the outer mixing 
layer of the secondary flow for the first 100 mm of flow. Curves 
representing the spread of the half width of the droplet volume 
concentration distribution (cold spray) and the half width of 
the gas velocity distribution, are included in Figure 9. It 
can be seen that these half widths do not generally coincide 
and there are differences in the spreading of the droplet and 
gas velocity fields. This is again indicative of the differing 
dispersion rates according to the droplet sizes. 

Figure 10 compares mean gas velocity and mean droplet velo- 
cities at different axial positions in the cold flow. The mean 
droplet velocity was obtained by analysing the Doppler signals 
from droplets, without seeding the flow. This velocity is 
approximately an ensemble averaged velocity for droplets greater 
than 5 p.m. In the second stage of this detailed investigation 



of the spray structure, a refined version of the LDA particle 
sizing technique of Yule et al.lO will be used to obtain size- 
velocity information. It can be seen from Figure 10 that beyond 
K » 80 mm the mean droplet and gas velocities are nearly the 
same for most of the width of the spray except at the outer edge. 

It is known that this outer region consists of a dilute region 
of relatively monodlsperse large droplets. These droplets are 
least likely to move with the local gas velocity, which corre- 
lates qualitatively with the LDA results. Care should be taken 
in interpreting the droplet velocity measurements in the central 
dense spray near the atomiser because of poor signal/noise 
ratios. It is considered that measurements using a tracker in 
this region are biased towards the relatively slow moving larger 
droplets, which produce relatively high amplitude signals with 
relatively good signal/noise ratios. 

Figures 11 and 12 show comparisons of mean gas and mean 
droplet velocities for the cold and hot, sprays at x = 40 mm 
and X = 100 mm. It is seen that the heated secondary flow has a 
velocity increased to 7 m/s, compared to 5 m/s for the cold 
flow case. This is explained by the expansion effect of heating. 
The gas and droplet velocities within the spray are also higher 
for the hot spray than for the cold spray case. This can also 
be explained by the accelerating effect of the entrainment and 
mixing of hot air into the spray. As will be described, there 
are no significant contributions to the higher velocities found 
within the hot spray, from the release of fuel vapour nor from 
momentum transfer between the liquid and gas phases (for the 
particular spray studied here) . 

Thermocouple Measurements 

Figure 13 shows mean temperature distributions in the hot 
flow, with and without the injection of kerosene. A comparison 
of radial distributions of temperature measured with and without 
the atomising air showed that the major contribution to the 
temperature deficit, for the case without kerosene, came from 
the boundary layer on the outer surface of the atomiser. Figure 13 
shows that there is a significant decrease in the measured mean 
temperature for the spray case. The extent to which the mea- 
sured temperature is representative of the gas temperature and 
the potential cooling effects of droplet impaction on the. thermo- 
couple are discussed in Section 5. 

Figure 14 shows measurements of the thermocouple time con- 
stant in the hot flow, with and without the spray. It is seen 
that there is little difference between these measurements except 
in the first positiovis, near the atomiser, where the spray is 
dense. This shows that the droplets impacting on the thermo- 
couple affect the transfer characteristics of the probe at high 
spray densities; however the effect of the droplets in the time 
constant appears to be less significant than their effect on the 
measurement of gas temperature. 

Figure 15 shows a comparison of the mean velocity measured by 
laser anemometer for case (i) (i.e. the cold flow without kerosene 
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injection) and mean velocltlee derived from the thermocouple 
time constant measurements by using the heat transfer relationships 
for a cylinder. 9 The agreement is seen to be excellent. Figure 
16 shows a comparison of thermocouple velocity measurements ob- 
tained by this technique for cases Uii) and (iv) (i.e* the hot 
flow without and with kerosene injection) . It will be argued 
that the gas velocity field should not be greatly affected by 
the Injection of kerosene for the particular aptiiy used here. 

Figure 16 shows that the thermocouple measurements of velocity 
are very similar for the cases with and without the presence of 
droplets except for x * 40 mm. This is a clear indication that» 
below some limiting particle concentration, the relatively 
simple computerised thermocouple time constant measurement 
technique can give an accurate measurement of gar. velocity in 
two phase flow under conditions of high temperature and particle 
impaction. These conditions preclude other probing techniques, 
and sophisticated techniques are required for separating the 
signals from large and small particles w^en using laser anemometry. 


5 . DISCUSSION 


The laser tomography technique has been shown to be a valu- 
able measurement technique for rapidly characterising fuel sprstys. 
In Figure 17 the tomographlcelly derived droplet concentration 
data are presented in the foi.*!$;j of iso-concentration contours 
of liquid phase, by vo,i..ime. This gives a clear demonstration 
of the effect of the heated secondary flow on the spray vapori- 
sation. It is seen that the initial vaporisation, for the hot 
case, proceeds very rapidly but, beyond approximately x ® 60 mm, 
the vaporisation rate decreases greatly. Comparison with the 
drop size distribution data in* Figures 7 and 8 shows that this 
downstream region corresponds to a residue of relatively large 
droplets. In order that the predictions of spray modelling can 
be compared with these results it was considered to be necessary 
to measure the spray initial conditions as close to the atomiser 
as possible. High magnification spark photography has been 
used. The results will be Included in a later report on the 
second part of this investigation in which a more detailed 
analysis of the data is made. The time dependent spray structure 
will be investigated and comparisons with modelling predictions 
will be made. However from the point of view of the mainly 
qualitative interpretation of the measurements in terms of spray 
structure, which is presented here, it is worthwhile describing 
gome aspects of the photographs of the spray near the atomiser. 

A typical photograph is shown in Figure 18. Atomisation commences 
as a wave instability of the liquid column leaving the central 
atomiser orifice. These waves break into 'lumps' of liquid of 
various sizes and shapes which are then atomised into small 
droplets. Atomisation is generally completed by x = 10 mm for 
the particular spray studied. Occasional large lumps of liquid 
move unusually far radially from the central region of the flow. 
For these sections of fluid atomisation is not as efficient as 
for the main bulk of liquid in the central zone. This is presu- 
mably because of movement of the liquid into a relatively low 
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velocity enviromnent with low atomisation potential. This process, 
observed within a few mm of the atomiser, resulted in the formation 
of a dilute region of fairly raonosize large droplets at the outer 
region of the spray whilst the central region is polydisperse, 
with many droplets smaller than 5 urn. As can be seen from 
Figures 7 and 8 this spatt.a segregation of droplet sizes which 
originates during the atomisation process persists for the full 
length of the spray investigated. 

The momenta contained within the gaseous and liquid phases 
of the sprays have been calculated by, for the gas phase, 
evaluating the 'excess momentum' of the gas jet Mg (in fact Mg 
is the rate of transfer of momentum, but the term^momentum alone 
is conventionally used in the context of jet flows) 
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where Ug is the mean gas velocity and bs is the secondary stream 
velocity. For a jet in a uniform secondary flow this quantity 
should be constant. Figure 19 shows Mg values calculated for 
different values of x in the cold flow. The degree of scatter 
is reasonable and the results indicate that the assumption 
that the spray is in a uniform secondary stream is a reasonable 
approximation up to x = 100 mm. The total momentum (rate) in 
the spray contained within the liquid phase was also estimated 
at different x values by Integrating the data. The droplet 
momentum Md was estimated by the integral 
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where c is the local liquid phase volume concen '^ration and U^rop 
is the ensemble averaged local droplet velocity. This is an 
approximation, as account is not taken of correlations between 
droplet diameters and velocities and, as described above, the 
measured mean droplet velocity can be biased towards different 
size ranges, depending upon the local LDA signal quality. 
Calculated values are included in Figure 19 and it is seen that 
the liquid phase momentum is always at least one order of mag- 
nitude less than that contained within the gas phase. Thus 
one can expect there to be little effect of the droplets upon the 
gas velocity field for this particular spray so that the gas 
flow field without droplets can be measured to give a reasonably 
accurate description of the flow field in the presence of 
droplets. 

Estimates of the total liquid phase volume flux were also 
made by integrating the volume concentration and velocity data. 
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Downstrezun ox 60 nun the calculated values for the cold spray 
were within 15% of the total kerosene volume flow rate supplied 
to the atomiser (9 x 10**2 ml/s) . This indicates both negligible 
vaporisation in the cold spray and the accuracy of the light 
scattering technique. At x - 80 mm in the hot spray, t,he total 
liquid phase volume flux had fallen to (4 x 10~2 ml/s) indicating 
vaporisation of 56% of the droplets by volume. 

As shown in Table 1, the initial liquld/air mass ratio is 
38%. However the mass ratio of the total vapour phase 
kerosene/total air flow, at any section of the hot spray, never 
exceed*; 5%. Thus there should also be only a small change in 
the total spray gas flow characteristics due to the release of 
kerosene vapour. Straightforward heat balance calculations 
permitted eotination of the cooling effect, on the gas flow, 
caused by heat transfer to the droplets to ^a) heat droplets 
to the wet bulb temperature, and (b) provids the latent heat of 
vaporisation. It is found that, for the hot spray, the cooling 
effect of droplet vaporisation should result in centre line mean 
gas temperature reduction of no more than 8*^ C at x = 40 mm, 
and 2° C at x s= 100 mm. This corresponds to the measured centre 
line mean temperature reductions of 32® C at x » 40 imii and 17® C 
at X = 100 mm (see Fig, 13). It is thus clear that, for the 
spray, the mean temperature measured by the thermocouple is 
significantly influenced by the impaction of droplets on the 
thermocouple wire. However, as can be seen in Figure 14, the 
presence of droplets has noticeably less influence on the time 
constant of the thermocouple, measured by the square-wave 
electrical overheating method. Thus the thermocouple time 
constant can provide a means of measuring gas velocity for 
droplet volume concentrations (volume of droplets/ volume of gas) , 
at least as high as 5 x 10“5, which corresponds to a local 
air/liquid fuel mass ratio of 30. It was found that the shape 
of the thermocouple response curve changed slightly, from the 
expected curve for a gas flow with increasing droplet concentra- 
tion. The potential exists for deriving a measure of the droplet 
density from the response curve shape and thus applying correc- 
tions to measurements of mean temperature to provide a more 
representative gas temperature. 

High speed cine films have been taken of the sprays. The 
most striking features of these films were large eddies which 
could be followed, individually, downstream from approximately 
X = 20 mm to, at least, x = 150 mm. These eddies are considered 
to be 'coherent structures' and such structures have been shown 
to be important in most types of turbulent shear flow.i^# 12 
The existence of coherent structures in both vaporising sprays 
and spray flames has very significant effects on flow and 
flame structure. In particular it can be seen that the smaller 
droplets remain within these eddies, whilst the larger droplets 
penetrate the eddy boundaries and can leave the region of rota- 
tional, turbulent gas flow. Thus physically realistic models 
should include effects of eddy structure in making calculations 
of the dispersion, environments and ballistics of droplets as a 
function of droplet size. This topic will be considered in the 
next stage of this research which concerns time- dependent 
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measurements of droplet-gas interactions, droplet size/velocity 
correlations and also comparisons with modelling predictions and 
assumptions. 


6. CONCLUSIONS 

(1) The laser tomography technique provides a rapid and accurate 
means for the detailed mapping of spray structure in terms 
of droplet sizes and concentration. 

(2) The technique also enables measurement of spray vaporisation, 
provided that measurements of droplet velocities can be 
obtained. 

(3) The computerised fine wire thermocouple response characteri- 
stics can be used to provide a convenient means for measuring 
gas velocity in both hot and cold sprays. 

(4) Droplet impaction significantly influences thermocouple 
mean temperature measurements, even in dilute sprays. 

However the potential exists for correcting such measurements. 

(5) In the particular twin-fluid spray studied here, a spatially 
segregated .\xstribution of droplets was found near the 
atomiser, with a fairly dilute and monodisperse sheath of 
larger droplets surrounding a polydisperse dense core* 

(6) With increasing distance downstream this segregation was 
reduced by the dispersion of droplets by the turbulence. 

A coherent, lai je eddy structure appeared to be the dominant 
mechanism of droplet dispersion. 

(7) The tomography measurements demonstrated the preferential 
vaporisation of the smaller droplets. 
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TABLE 1 


INITIAL CONDITIONS AT ATOMISER 

(SEE 

ALSO FIG. 2) 

Volume flow rate of kerofiene 


9 X lo'’^ ml/s 

Volume flow rate of atomising nir 

(STP) 

RJ 

1.52 X 10^ ml/s 

Average velocity of kerosene at 
atomiser nozzle 

=; 

0.46 m/s 

Average velocity of atomising air 
at atomiser nozzle 

> 

105 m/s 

Secondary air velocity 

s 

5 m/s 

Mass flow rate of kerosene 

= 

0.072 g/s 

Mass flow rate of atomising air (m^) 

a 

0.187 g/s 

Initial momentum of atomising air 

<“a> 


1.96 X 10“^ Kgm/s 

Initial momentum of kerosene (M^) 


3.31 X 10“^ Kgm/s 

Atomiser air/fuel mass ratio 

S! 

2.6 

Atomiser fuel/alr volumo flow ratio 


5.92 X 

Reynolds number for kerosene flow 
at atomiser 

=S 

10^ 

Reynolds number for atomising air 


2.9 X 10^ 
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FIG. 4. Comparison of laser tomographic and photographic 

measurements of mass mean diameters in a water spray 
(ref. 7) where Xkp is the separation between laser scans. 
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FIG. 6 


Droplet volume concentrations In cold and hot kerosene 
sprays measured by laser tomography (caser (li) and 
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FIG. 8 


Distributions of span of droplet size distributions in cold 
and hot sprays measured by laser tomography. 
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FIG. 9 


Laser anemoneter raeem velocity measurements in cold 
flow.- Half widths: — droplet concentration, •••••— velocity 



FIG. 10. Ccxnparison of laser anemometer measur eme nts of 
gas velocity (without droplets) and meem dropl< 
velocity in cold flow (cases (i) amd (ii) ) . 
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FIG. 
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r ,mm 

11. Gas and droplet velocities in 'hot' and 'cold' flows 
at X * 40 nro. (All LDA measurements except for hot 
gas velocity, which is measured using a thermocouple.) 
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FIG. 17. Iso-concen'tra'tlons (by volume) of liquid phase in 
sprays in cold smd hot secondary flows. 





FIG, 18. Shadow photograph of cold spray near atomiser (magni 
fication 16.5). 
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FIG. 19. Momenta of gas and liquid phases in cold spray (by 
integration of velocity and concentration data) . 



